1 Experimental protocols, and supporting data
magnetic field, we use the Rydberg state nP 3/2 with magnetic sublevel m J = 3/2 for dressing the qubit state |0⟩ (Fig. 1) .
For state detection, we translate the two trapped Cs atoms back to the original positions. The state-dependent detection is accomplished using the |6S 1/2 , F = 4⟩ → |6P 3/2 , F ′ = 5⟩ D2 cycling transition to determine whether each atom is in state |0⟩ (bright to this excitation) or |1⟩ (dark to this excitation). In the case that the atom is found to be dark, we immediately apply the repump laser simultaneously with the cycling laser to check that the atom is indeed in state |1⟩ by verifying its presence in the trap. Note that the detection method identifies the entire |6S 1/2 , F = 4⟩ manifold with |0⟩ and the entire |6S 1/2 , F = 3⟩ manifold with |1⟩. The fluorescence signals are detected via two APDs (avalanche photodiodes) that are coupled via optical fiber. This non-destructive method allows us to reuse atoms without reloading new atoms from the MOT, increasing our data rate to ≈ 10 s −1 from ∼ 1 s −1 . The experimental protocol is carried out with an FPGA (Field Programmable Gate Array) control system [1].
Generating Bell states
In order to obtain a strong differential light shift, and therefore a strong dressed-interaction energy J between two atoms, we require ∆ L ≤ Ω L (the strong dressing regime). In fact, this condition also leads to a maximum suppression of the optical detuning noise due to the thermal motion of the atoms. The probability amplitude of the ground-state |0⟩ in the dressed state is (
and has a value between 1/ √ 2 for maximal dressing and 1 for no dressing at all. In our experiment we choose two example conditions:
. This leads to the dressed states of 0.41|r⟩+0.91|0⟩ and 0.6|r⟩+0.8|0⟩ or 84% and 64% probability in |0⟩ respectively. In this experiment we do not adiabatically transfer the dressed state back to the bare ground state, which lowers the atom recapture probability. A detailed discussion regarding strong Rydberg dressing and adiabatic transfer can be found in Refs. [2, 3] . When there is a probability that the atom is excited to the Rydberg state, there is a probability that the atom will not be recaptured in the trap during the time window (≈ 10 µs) of efficient recapture . In the detection, we only count the data with atoms that remain trapped. We track statistics concerning the lost atoms.
A straightforward method for generating the Bell state Fig. 3 of the main article. This shows typical experimental data representing Rabi flopping in the presence of Rydberg dressing with the parameters n = 64, Ω L /2π = 4.3 MHz, ∆ L /2π = 1.1 MHz, R = 2.9 µm, and J/h ≈ 750 kHz. Each data point is the average of several hundred measurements but with various Raman pulse durations. With a strong J, microwave excitation to the state |0, 0⟩ is blockaded. The microwave Rabi oscillation can only occur between |1, 1⟩ and (|0, 1⟩ + |1, 0⟩)/ √ 2 with a very small probability exciting to |0, 0⟩. We also find a factor of √ 2 enhancement of the microwave Rabi rate compared to the single-atom Rabi rate as secondary evidence of entanglement.
In Fig. 3 of the main article, the optimal π time for generating |Ψ + ⟩ is ≈ 2 µs. To produce a Bell state |Φ + ⟩, we simply apply a global π/2 pulse to |Ψ + ⟩. By fine tuning the experimental parameters, our best entanglement fidelity is ≥ 81(2)% excluding the atom loss events, and ≥ 60(3)% when loss is included. If the atom recapture process were to completely filter all cases when the atom was excited to the Rydberg state, we would expect to have a lower two-atom survival probability compared to the 74% recapture probabilty we present here. With perfect filtering and excluding the atom loss events, the entanglement fidelity would be much higher and eventually limited by the state preparation efficiency. However, it would still be near 60% with loss included. For technical reasons, we observe that a fraction of the atoms that are excited to the Rydberg state decay back to the ground state within the recapture time window. This is only consistent with a shorter than expected Rydberg lifetime. The resulting increase in the two-atom survival probability reduces the value of the fidelity measurement that is conditional on the atom loss events. We anticipate a substantial improvement of the entanglement fidelity by achieving close to the natural Rydbergstate lifetime and also by using an adiabatic ramp of the intensity and detuning of the 319 nm Rydberg laser in order to return the dressed state back to the bare ground state.
Calculation of Rydberg-state interactions and the ground-state interaction J
Calculating J as a function of the interatomic distance R requires knowledge of how the two-atom Rydberg energy levels shift as a function of R. The mixing of atomic orbitals due to interactions leads to molecular-like energy levels. We use the same numerical codes we developed in our previous work [2, 1] for the calculation. Figure 2a shows the calculated two-atom molecular energy levels for 64P 3/2 for R from 1 µm to 10 µm with electric field |E| = 6.4 V/m and magnetic field |B| = 4.8 G, parameters typical of our experiment. There are a total of 14,400 energy levels included in the calculation, which cover the principal quantum numbers from n = 60 to n = 66 and the orbitals from l = 0 to l = 4. In the calculation, the Rydberg-Rydberg interactions include EDDI, electric dipolequadrupole, and electric quadrupole-quadrupole interactions. As one can see, there is a "spaghetti" structure at very short R due to the strong mixing between all combinations of Rydberg energy levels. When excited with the 319-nm laser, the probability of exciting one of these resonances in the spaghetti depends on the oscillator strength of the different molecular levels. In the figure, we denote this oscillator strength by the darkness of the lines. We see that most molecular resonances are only weakly coupled to the Rydberg excitation laser. With limited computational resources, it is numerically intractable to calculate the entirety of multipole interactions in the infinite atomic basis set. Hence, the calculated spaghetti feature can never be precise. In Fig. 2b , we plot the two calculated J(R) curves with parameters Ω L /2π = 4.3 MHz and ∆ L /2π = 1.3 MHz using the result from Fig. 2a . The J(R) represented in the solid curve uses all the energy levels we calculate. It has a wiggling structure at small R mainly due to the multiple level crossing and mixing of the doubly-excited Rydberg levels. The J(R) represented in the dashed curve is a best-fit curve for the doubly-excited Rydberg state of our interest (|m J = 3/2, m J = 3/2⟩) to represent |r, r⟩ as a function of R shown by the black-dashed curve in Fig. 2a . This simple blockade shift curve uses a form of C/R 6 . The single fitting parameter C is determined by using the all-level calculated data with R ≥ 3.5 µm. One can see that the two results of J(R) in Fig. 2b are very similar aside from the wiggling structure on the solid curve. As mentioned before, this structure changes with different atomic basis sets used in the calculation, and we have not been able to obtain a converged answer with our limited computer power. We therefore use the dashed J(R) curve to compare with our experimental data.
with a variable delay time in between. By measuring the probability of the atom in the ground state following this sequence, we can determine the Rydberg state lifetime. We found that the Rydberg state lifetime was greatly reduced when the laser light acts on the nearby ITO coated surface. A study of this effect was carried out with a non-resonant 638-nm laser, which was originally used for generating charges on the ITO surfaces to compensate the background electric fields [1] . The experiment indicates that stronger 638-nm laser intensity leads to a shorter Rydberg state lifetime. We suspect that scattered laser light impinging on the nearby surface, such as the 319-nm and 938-nm lasers, can produce a similar effect. The longest lifetime was measured under the conditions of minimizing all possible laser powers into the vacuum chamber. In the situation of the entanglement experiment, the Rydberg-state lifetime is only about 10 µs. However, the detailed mechanism driving the reduction in the Rydberg state lifetime is the subject of further study. 
